For a lightly cross-linked poly (methyl methacrylate) (PMMA) with a gel fraction of 0.65, experimental studies are made on swelling, dynamic viscoelasticity, and uniaxial and biaxial extension at constant strain rates. The values of average molecular weight between cross-links, M c , (or between a cross-link and a trapped entanglement) are determined by four methods; swelling, the equilibrium modulus, the Mooney-Rivlin plot and the Young's modulus. These values are in the same order but somewhat smaller values are obtained from the latter two methods. The density of weakly attached or untrapped entanglement strands is evaluated from the plateau modulus of (G'−G eq ), where G' and G eq are the storage and equilibrium moduli. The entanglement molecular weight, M e , evaluated by this method is certainly smaller than M c , and is slightly larger than M e of uncross-linked atactic PMMA melt. In uniaxial extension, the stress growth coefficient shows stronger strain-hardening than that of uncross-linked PMMA melts with very high molecular weight component. On the other hand, in biaxial extension, the stress growth coefficient exhibits weak strain-softening followed by small upturn.
INTRODUCTION
Uniaxial and biaxial extensional flows are observed in many polymer processing operations. Processability of polymers and trial-and-error of numerical sim ulation on product development are sometimes affected by the differences between uniaxial and biaxial extensional flow behaviors of the polymers. The differences in these flow behaviors at constant strain rates have been observed for linear polymer systems.
1)-5)
On the other hand, for cross-linked rubbers, many studies have been made on the stress-strain relations in uniaxial and biaxial extensions at constant velocities (with decreasing strain rates), and the results are analyzed based on the Mooney-Rivlin equation.
6), 7) For lightly cross-linked systems little is known about the extension behaviors at constant strain rates. The objectives of the present study are: (1) to compare uniaxial and biaxial extension behaviors at constant strain rates for a lightly cross-linked system, and (2) to clarify characteristic features of that system in these deformation modes. In addition to the study on extension behaviors, more basic studies on the crosslink strands, trapped and untrapped entanglement strands are made for the lightly cross-linked system.
EXPERIMENTAL
The gel content and the average molecular weight between cross-links, M c , for a cross-linked poly(methyl methacrylate) (PMMA) s ample were determi ned fr om a swel ling experiment. The sample of approximately 0.1g was dissolved in chloroform for about 2 days. Then, the swelled sample was filtered, and a non-dissolved part was collected and vacuum dried. Here, the gel content is defined as a weight fraction of the non-dissolved part. From the weight of the gel swollen by chloroform, M c is calculated based on Flory's equation. 8) Here, ρ is the density of the polymer and ν e,s is the network chain density. In eq. (2) 
RESULTS AND DISCUSSION

Dynamic Viscoelastic Properties
Master curves of G' (ω) and G" (ω) obtained by applying the time-temperature superposition principle are shown in The G' values at higher frequencies include the contributions from weakly attached or untrapped entanglement strands as well as cross-link strands and trapped entanglement strands. 10) In order to evaluate the contribution from weakly attached or untrapped entanglement strands, the frequency dependence of (G'−G eq ) is plotted in Fig.3 
Stress-Strain Analysis
The uniaxial extension data at the lowest strain rate of 0.00174s −1 are fitted with the Mooney-Rivlin equation. This strain rate is considered to be close to the equilibrium state (see Fig.1 ). Figure 4 shows the Mooney-Rivlin plot of the reduced stress against the reciprocal of extension ratio.
Here, σ n is the nominal stress corresponding to the initial cross-section, λ is the extension ratio, and 2C From the Young's modulus E defined with the true stress σ by, the effective network chain density ν e,S−S is calculated from the following equation. 
Uniaxial and Biaxial Extension Behavior
In Fig.6 the uniaxial stress growth coefficient η
shown for the cross-linked PMMA at 200°C obtained at various strain rates ε
• . The solid line in Fig.6 represents 3η
where η + (t) is the shear stress growth coefficient in the linear viscoelastic region calculated from G' (ω) and G" (ω), using the following approximate equation.
11)
The stress growth coefficient η + E (t,ε • ) coincides with 3η + (t) at short times and then exhibits strong dependence upon strain rate at long times, and η + E grows far above 3η + (t) in this system. This prominent strain hardening is due to the stretching of cross-link strands.
In 
CONCLUSIONS
From experiments on swelling, dynamic viscoelasticity, uniaxial and biaxial extensions for a lightly cross-linked PMMA with a gel fraction of 0.65, the following conclusions are drawn.
(1) The average molecular weight M c between cross-links (and trapped entanglements) obtained from four methods are in the same order of magnitude.
(2) The modulus G E evaluated from the plateau of (G' − G eq ) at high frequencies is slightly smaller than that of the plateau modulus G N 0 in the uncross-linked atactic PMMA melts. It is suggested that G E is associated with the density of weakly attached strands or untrapped entanglement strands.
(3) A prominent strain-hardening behavior appears in the uniaxial stress growth coefficient, while weak strainsoftening followed by upturn is observed in the biaxial stress growth coefficient.
